Abstract. Between species, variation in sperm size has been related to male-female coevolution and male-male competition. In contrast, variation within species is poorly understood. A particular case of intraspecific sperm-size variation occurs in sperm-heteromorphic species, where males produce distinct sperm morphotypes, usually only one of which is fertile. This allows to investigate sperm size variation under different selection regimes. Nonfertile morphotypes, whose role is aside from fertilization, may have other functions, and this may be reflected by changes in developmental processes and a different phenotype compared to fertile sperm. We show that the intraspecific coefficient of variation in sperm length is up to four times lower for fertile than nonfertile morphotypes across 150 sperm-heteromorphic species (70 butterfly, 71 moth, 9 diopsid fly species). This is in agreement with a previous study on 11 species in the Drosophila obscura group. Significantly lower variation in fertile than nonfertile sperm morphometry may result from fertilization-related selection for optimal sperm size, novel functions of nonfertile sperm, or from tighter control of fertile sperm development. More data are needed to clarify the consequences and adaptive significance of within-morph variation, and its consistent pattern across sperm-heteromorphic insects.
Introduction
Sperm cells carry the paternal genome to unification with the ovum. Despite this single function, sperm cells vary in size and shape. The diversity of sperm types suggests that they evolve in response to selective forces arising in the environment where fertilization and competition occur (Jamieson, 1987; Simmons, 2001 ). Fertilization often occurs in a hostile environment (be it the internal female reproductive tract or the external environment), and in competition with sperm from the same or rival males (Sivinski, 1984) . Post-copulatory competition among sperm from rival males occurs in many taxa (Birkhead and Møller, 1998; Bernasconi et al., 2004) and has been predicted to affect optimal sperm number and size (Parker, 1982 (Parker, , 1990 . Comparative studies indeed show that variation in sperm morphometry between species is associated with the intensity of male-male competition (Gomendio and Roldan, 1991; Briskie and Montgomerie, 1992; Gage, 1994; Johnson and Briskie, 1999; Anderson and Dixson, 2002) , but also with female reproductive tract morphology (Dybas and Dybas, 1981; Briskie and Montgomerie, 1992; Pitnick et al., 1999; Presgraves et al., 1999; Morrow and Gage, 2000) .
In contrast, variation within species (Ward, 1998; Hellriegel and Blanckenhorn, 2002) and within individual males is much less understood (Morrow and Gage, 2001a ). Yet, within-male variation can result in distinct sperm morphotypes in a variety of taxa including gastropodos, spiders, centipedes and insects (Swallow and Wilkinson, 2002) . In sperm-heteromorphic taxa, as a rule only one sperm morph seems to participate in fertilization (Snook and Karr, 1998; Swallow and Wilkinson, 2002) . Why some of the sperm forego own reproduction remains unclear. Several hypotheses have been proposed for the evolution of sperm heteromorphism in insects (Simmons, 2001; Swallow and Wilkinson, 2002) . Nonfertilizing sperm may result from developmental errors, facilitate transport and capacitation of fertilizing sperm, be a form of parental investment (e.g. by provisioning the fertilizing sperm, the zygote or the female), act in inter-ejaculate competition by displacing or inactivating rival sperm, or be a cheap filler to delay female remating, as in the butterfly Pieris napi (Cook and Wedell, 1999) . Sperm heteromorphism may also serve more than one function (Simmons, 2001; Swallow and Wilkinson, 2002) .
That one sperm morph is, as a rule, excluded from fertilization, allows to investigate variation among a male's gametes under different selection regimes. For fertile sperm, the fertilization environment, the intensity of competition with sperm of rival males and possibly also with sperm within the same ejaculate, exert selection pressure on traits that increase the probability of successful fertilization (Sivinski, 1980; Parker and Begon, 1993; Haig and Bergstro¨m, 1995) . Neither selection for fertilization-related traits nor the potential for intra-ejaculate competition apply to nonfertile sperm, whose individual interests are silenced by deterioration of genetic material early during development, or by fertilization incompetence. Even in groups where the function of nonfertile sperm can be related to inter-ejaculate competition and delaying of female remating (He and Miyata, 1997; Cook and Wedell, 1999; Morrow and Gage, 2000; Wedell, 2001) , nonfertile sperm are released from selection and constraints directly related to fertilization competence (Snook, 1997) . In a metaanalysis including butterflies (Gage, 1994) , moths (Morrow and Gage, 2000) and stalk-eyed flies (Presgraves et al., 1999) we show that size variation is significantly different between sperm morphs, and that the fertile sperm morph is characterized by smaller variation than the nonfertile sperm morph.
Materials and methods
To investigate the association between the amount of variability in sperm morphology and fertilization competence, we calculated intraspecific variation coefficients (see below) for published data on sperm length of fertile and nonfertile sperm. Our analysis includes three insect taxa for which data on a large sample of sperm-heteromorphic species were available (butterflies: Gage, 1994; moths: Morrow and Gage, 2000 ; stalk-eyed flies: Presgraves et al., 1999) . We will also compare our results to those obtained previously for a data set of 11 species in the Drosophila obscura group (Snook, 1997) .
These taxa differ with respect to whether the nonfertile sperm contain a normal chromosome complement. In butterflies and moths, nonfertile (apyrene) sperm have unbalanced sets of chromosomes, which are discarded before spermiogenesis is completed (Friedla¨nder, 1977) . Apyrene sperm are shorter, thinner, and contain fewer mitochondria than fertile, normally nucleated (eupyrene) sperm. Dichotomous spermatogenesis from bipotent spermatocytes is universal among the higher Lepidoptera. Apyrene sperm are often produced in large numbers (Cook and Wedell, 1999) . Both morphs are found in the female spermathecae, but only eupyrene sperm fertilize eggs (Friedla¨nder, 1977) . In stalk-eyed flies (Diopsidae), 9 out of 13 species produce distinct sperm size classes. Short sperm appear normally nucleated (Daven Presgraves, personal communication), yet there is no evidence that it is capable of fertilization (Presgraves et al., 1999; Swallow and Wilkinson, 2002) and we, therefore, assume short sperm to be very likely infertile. Sex-chromosome meiotic drive occurs in some of the sperm-dimorphic species (Wilkinson et al., 1998) , demonstrating the potential for haploid expression. For stalk-eyed flies (Presgraves et al., 1999) , moths (Morrow and Gage, 2000) and Drosophila (Hihara and Kurokawa, 1987; Miller and Pitnick, 2002) evidence indicates that the length of the long sperm morph exhibits correlated evolution with the female reproductive tract.
The coefficient of variation is a dimensionless quantity calculated as CV ¼ (standard deviation * 100)/mean. We use the adjusted CV that corrects for sample size differences (Sokal and Rohl 1981) , defined as CV adj ¼ (1+1/ (4n)) * CV, where n ¼ number of males. Provided that traits have the same dimensionality and complexity, the coefficient of variation is suitable to directly compare the magnitude of trait variation, because it corrects for the general tendency for morphological variance (i.e., the square of the standard deviation) to scale proportional to the square of the trait mean (Lande, 1977) . Fertile sperm are longer than nonfertile sperm in all the taxa examined (see also Kura and Nakashima, 2000) . Thus, if this statistical tendency alone were affecting our response variable (CV), it would result in more variation among the longer fertile than among the shorter nonfertile sperm, contrary to our functional prediction that fertile sperm should vary less. Therefore, our analysis is conservative.
All studies reported standard errors (SE ¼ standard deviation/sqrt(N)), and we obtained the standard deviation by entering the N that was consistent with the original publication. In two of the studies, the SE was calculated entering male means as one observation, and in the other studies entering one value for each sperm. In two out of the three studies, exactly the same number of males had been examined for each morph within species, and in the remaining study the sample size difference was small (±2 males) and not significant (Wilcoxon matched-pairs signed ranks-test, z ¼ )0.91, N ¼ 71, p ¼ 0.36). Indeed, fertile and nonfertile sperm were measured (if available) for the same individual males. Thus, although we cannot estimate separately the variance components among sperm (within morphs within males) and among males (within morphs), the among-male variation was effectively equal for both morphs in all studies and should not affect the comparison between morphs.
The coefficient of variation is not normally distributed. Therefore, we used non-parametrical tests (Wilcoxon matched-pairs signed ranks-test comparing CV of fertile and nonfertile sperm size within species). The p-value for this test was obtained either by normal approximation or from exact probability tables, depending on the sample size (number of species), to avoid the pitfall of inappropriately applying approximated p-values that are only valid for large samples (Mundry and Fischer, 1998) . The paired test does not correct for phylogeny. However, the test compares variation of the fertile vs. nonfertile sperm morph within species and usually within the same male. Therefore it seems unlikely that phylogeny would affect variation at the within-male level.
We carried out separate tests for each data set. To investigate whether the three separate analyses (and the effect found for each taxon separately) resulted in overall significance, we performed the Fisher combination test, a procedure for combining probabilities of a series of separate significance tests on different data sets that address the same biological hypothesis (Sokal and Rohlf, 1981, pp. 779-782) .
Results
In the overall analysis of all three taxa, the fertile morphotype had a lower coefficient of total sperm length variation than the nonfertile sperm morphotype. This difference was highly significant (Fisher combination test: Fig. 1 ). In the following we report the detailed results for each taxon separately.
Lepidoptera
Gage (1994) reported mean sperm length for the apyrene (nonfertile) and eupyrene (fertile) sperm morph of 70 butterfly species. Standard errors were calculated using the average sperm length of each male (by morph) as one observation. The number of males examined varied among species (Table 1) , but within species the same individuals were examined for fertile and nonfertile sperm. From the cumulative number of sperm measured in each species (Table 1) , we estimated that across species on average (±SD) 4.70 (±2.3) fertile and 4.65 (±2.3) nonfertile sperm were measured per male (N ¼ 70 species).
The mean intraspecific coefficient of variation for total sperm length was significantly larger for the nonfertile sperm morph (CV adj ¼ 2.96% ± 2.55) than for the fertile sperm morph (CV adj ¼ 2.18% ± 1.84; Wilcoxon matched-pairs signed ranks-test: z ¼ 3.39, p ¼ 0.0007; Table 1 ). Thus within a given species, fertile sperm varied less in total length than nonfertile sperm (Fig. 1) . Across species there was a positive significant correlation between fertile and nonfertile mean sperm length (Spearman rank correlation r s ¼ 0.66, p < 0.001, N ¼ 70), suggesting that among-species variation in sperm length usually affected in similar ways both morphotypes. There was no significant difference in the number of sperm measured between the morphs within species (Wilcoxon matched-pairs signed ranks-test: z ¼ )0.31, p ¼ 0.76). Thus, within a given species, there was no significant difference between morphs in the precision with which the CV had been estimated, although precision varied among species.
For moths (Morrow and Gage, 2000 ; untransformed data communicated by Ted Morrow) mean sperm length of apyrene (nonfertile) and eupyrene (fertile) sperm morph were available for 71 species. Standard errors were based on the average sperm length of each male (by morph) as one observation. The number of males examined varied among species, ranging between 2 and 11. Here too, the mean intraspecific coefficient of variation for total sperm length was significantly larger for the nonfertile sperm morph than for the fertile sperm morph (Table 1) . Thus within a given species, nonfertile sperm varied more in total length than fertile sperm (Fig. 1) . Across species there was a positive significant correlation between fertile and nonfertile mean sperm length (Spearman rank correlation r s ¼ 0.66, p < 0.001, N ¼ 71). Within species, the number of males examined for fertile (3.99 ± 2.05, x ± SD) and nonfertile sperm (4.04 ± 2.09) did not differ significantly (p > 0.20) thus morphological variation was estimated with equal precision for both morphs.
Diptera
In the nine sperm-heteromorphic stalk-eyed fly species, belonging to five different genera (Presgraves et al., 1999) , long and short sperm bundles were Data from 1 = Presgraves et al., 1999; 2 = Gage, 1994, 3 = Morrow and Gage, 2000 . Fertile sperm show significantly lower variation than nonfertile sperm. 1 N sperm bundles/male. 2 Test statistics: z = normal approximation; T = exact (Mundry and Fisher, 1998; Siegel and Castellan, 1998). measured in the same individual males. Standard errors were calculated for the five longest sperm bundles from each male, pooled across males. The coefficient of variation in total length among fertile sperm was significantly lower than among nonfertile sperm (Table 1 , Fig. 1 ). This significant difference was maintained also when means and SE were calculated for male averages that included all sperm measured (not only the five longest bundles; data communicated by Daven Presgraves).
Discussion
Our meta-analysis of the intraspecific coefficient of variation of sperm length in sperm-heteromorphic insects (butterflies, moths and stalk-eyed flies) revealed that fertile sperm varied less in total length than nonfertile sperm in all groups. Not only was this difference significant in each of the three studies considered separately, it also resulted overall in a highly significant combined probability.
Our results are consistent with a previous study reporting coefficients of variation of total length of short and long sperm in Drosophila obscura group (Snook, 1997, Table 3, p. 801) . In that study, total length of short (i.e. nonfertile) sperm was also more variable in most species. Several explanations may lead to this pattern. Methodological explanations include that variation can be expected to be larger for larger traits (Lande, 1977) , however this clearly cannot explain our finding, because nonfertile sperm are shorter than fertile sperm (Gage, 1994; Presgraves et al., 1999; Morrow and Gage, 2000 ; see also Snook, 1997) . A similar argument, a bias in measurement error for fertile vs. nonfertile morph, is unlikely, since to produce the observed results, such a bias would have to be substantial (up to fourfold) and to apply consistently to both Diptera and Lepidoptera, where nonfertile sperm have very different phenotypes. Further, our results may be confounded by the fact that species are treated as independent. However this is also unlikely, because our analysis addresses intraspecific differences: we used paired tests comparing variation between morphs within species, and in the majority of cases fertile and nonfertile sperm were even measured in the same individual males. Both the separate analyses of each data set and the global analysis, moreover, give the same, consistent result.
Finally, the finding that variation among a male's gametes is lower for the fertile sperm morph may have a functional explanation: relaxed selection on a fertilization-related size optimum, novel functions in nonfertile sperm, or tighter developmental control in fertile sperm. If low variation among fertile sperm were the result of stabilizing selection and optimality for fertilization, one would also predict low (at most environmental) variation among males. Data in sperm-monomorphic taxa do not support the hypothesis that sperm morphometry evolves solely in response to selection for the fertilization environment, because sperm length variation is generally low within males, while variation among males can be substantial (Otronen et al., 1997; Ward, 1998; Hellriegel and Bernasconi, 2000; Arnaud et al., 2001; Morrow and Gage, 2001b) and heritable (Ward, 2000) . Novel functions for nonfertile sperm such as ''cheap filler'' in Lepidoptera (He and Miyata, 1997; Cook and Wedell, 1999; Morrow and Gage, 2000; Wedell, 2001 ) may be associated with increased variance, either because variation mediates the novel function, or because nonfertile sperm develop more rapidly and in a less controlled way than fertile sperm (Friedla¨nder, 1997) . Diploid control of sperm development would also be consistent with low among-sperm variation and significant, heritable between-male differences in sperm-monomorphic species. Since the sperm of a given male are genetically diverse as a result of meiosis, it has been suggested that haploid gene expression may allow individual sperm cells to gain a transmission advantage over other sperm cells of the same male (see Joseph and Kirkpatrick, 2004 for a recent review). Intra-ejaculate competition, however, may weaken the male's ability to compete with sperm of rival males (Sivinski, 1980; Haig and Bergstrom, 1995) . In this scenario, selection at the male level favours suppression of post-meiotic haploid expression and diploid control of gametogenesis. In agreement with this idea, in many taxa, sperm haploid gene expression is limited or absent and sperm development and growth occur to a great extent in the primary spermatocyte, i.e. before meiosis and hence under diploid control (Parker and Begon, 1993) . This potential conflict would not apply to nonfertile sperm.
In conclusion, our meta-analysis shows that low morphological variation is consistently associated with sperm fertility across three sperm-heteromorphic taxa. This finding may result from stabilizing selection for optimal sperm size, greater control of size and development in the selectively relevant sperm morph -with either congruent or conflicting interests of diploid male and haploid sperm, or novel functions favouring greater variation in nonfertile sperm. More studies are needed to clarify the consequences of sperm morphology and between-and within-male variation on male fitness.
